Introduction {#H1-1-ZOI190045}
============

Acute decompensated heart failure (ADHF) is the primary cause in up to 40% of older adults presenting with dyspnea,^[@zoi190045r1]^ one of the leading reasons for emergency department visits in the United States.^[@zoi190045r2]^ The diagnostic workup for ADHF can be challenging and often requires several tests. The insensitivity of guideline-recommended tools for diagnosing ADHF, such as chest radiography (CXR), physical examination, and brain-type natriuretic peptide (BNP),^[@zoi190045r3],[@zoi190045r4]^ is known to delay treatment, which is associated with an increase in mortality.^[@zoi190045r5],[@zoi190045r6]^ In particular, the sensitivity of CXR in detecting pulmonary edema is limited, with 20% being a false-negative.^[@zoi190045r7],[@zoi190045r8]^ Given the limitations of current tools to diagnose ADHF, the National Heart, Lung, and Blood Institute Working Group on Emergency Department Management of Acute Heart Failure has prioritized the development of new techniques for the diagnosis and monitoring of ADHF.^[@zoi190045r9]^

Point-of-care lung ultrasonography (LUS), which is performed and interpreted at the bedside by the treating clinician, has emerged as a practical diagnostic tool for several lung pathologies. Growing evidence indicates that LUS has comparable or superior accuracy over CXR for many of the most common causes of dyspnea.^[@zoi190045r10],[@zoi190045r11],[@zoi190045r12]^ Sonographic B-lines are hyperechoic reverberation artifacts that extend vertically from the pleural surface to the bottom of the screen and move synchronously with lung sliding.^[@zoi190045r13]^ The number of B-lines seen on LUS has been shown to offer a semiquantitative measure of extravascular lung water content.^[@zoi190045r14],[@zoi190045r15],[@zoi190045r16]^ However, data on the diagnostic accuracy of LUS for cardiogenic pulmonary edema are conflicting, with reported sensitivity ranging from 57%^[@zoi190045r17]^ to higher than 95%.^[@zoi190045r18],[@zoi190045r19]^ Given its potential advantages over CXR, including its ease of acquisition, immediate availability of results, and evidence of comparable accuracy, LUS could have important implications for standard of care in the evaluation of patients with dyspnea at risk for ADHF.

Although previous systematic reviews have focused on the accuracy of various tools to diagnose ADHF in patients presenting with dyspnea,^[@zoi190045r20],[@zoi190045r21]^ none of them has directly compared the accuracy of LUS with CXR accuracy. The objective of this study was to perform a systematic review with meta-analysis to determine the comparative accuracy of LUS and CXR for the diagnosis of cardiogenic pulmonary edema in patients presenting with dyspnea.

Methods {#H1-2-ZOI190045}
=======

This systematic review was conducted in compliance with the recommendations from the *Cochrane Handbook for Systematic Reviews of Diagnostic Test Accuracy*.^[@zoi190045r22]^ This study followed the Preferred Reporting Items for Systematic Reviews and Meta-analyses ([PRISMA](http://www.equator-network.org/reporting-guidelines/prisma/)) reporting guideline.^[@zoi190045r23]^ The study protocol was registered on PROSPERO^[@zoi190045r24]^ prior to study selection.

Search Strategy {#H2-1-ZOI190045}
---------------

A comprehensive literature search of MEDLINE, Embase, and Cochrane Library databases was performed in November 2017 and was updated in May 2018. A search of the gray literature was also performed through May 2018 and included conference proceedings from 2014 to 2018 of the American College of Chest Physicians (Annual Meeting Abstract supplements), American Heart Association (Scientific Sessions abstracts), and American College of Cardiology (Annual Scientific Sessions abstracts) as well as from ClinicalTrials.gov and ProQuest Dissertations and Theses databases.

The search strategy (eTable 1 in the [Supplement](#note-ZOI190045-1-s){ref-type="supplementary-material"}) was developed by our principal investigator (A.M.M.) in collaboration with a medical librarian (K.D.). No language or year limits were applied. Retrieved titles and abstracts were independently reviewed by 2 of us (G.S. and A.S.). Full-text versions of relevant studies were retrieved for further evaluation, and the inclusion criteria were applied independently by 2 of us (A.M.M. and A.H.). The inclusion criteria required studies to be prospective cohorts of adult patients presenting with acute dyspnea to any clinical setting in which both LUS and CXR were performed on initial assessment of all patients. In addition, a reference standard of an ADHF diagnosis had to be made by an independent expert after a medical record audit^[@zoi190045r20]^ or a combination of echocardiographic findings and BNP criteria. Sufficient data to calculate both sensitivity and specificity were also required. Study participants could not be a subset of patients from another included paper (ie, no overlapping samples or duplicate patients).

Data Extraction and Quality Assessment {#H2-2-ZOI190045}
--------------------------------------

Two of us (A. M. and A. H.) independently extracted data by using standardized data-extraction sheets. When pertinent data were not included in a manuscript, the study's corresponding author was contacted. If no reply was received or the authors did not have the requested information, the data were labeled as *not specified*.

Data were extracted into 3 tables. [Table 1](#zoi190045t1){ref-type="table"} and [Table 2](#zoi190045t2){ref-type="table"} show relevant study characteristics. The numeric data necessary to create 2-by-2 contingency tables were extracted into a third table, from which sensitivity and specificity were then calculated. In the case of multiple individuals interpreting the LUS within the primary study, we determined the mean LUS results (ie, the number of B-lines) of all interpreters. In the case of an individual study reporting more than 1 threshold, our a priori plan was to use the threshold closest to those of all other included studies.

###### Study Characteristics

  Source                                          Geographic Location   Enrollment Period                Study-Specific Exclusion Criteria                                                                    No. of Participants   Patients With ADHF, No. (%)   Age, Mean (SD) or Median (IQR), y   \% of Female Participants   
  ----------------------------------------------- --------------------- -------------------------------- ---------------------------------------------------------------------------------------------------- --------------------- ----------------------------- ----------------------------------- --------------------------- ---------------
  **Setting: Emergency Department**                                                                                                                                                                                                                                                                                               
  Baker et al,^[@zoi190045r25]^ 2013              Australia             March 2011 to February 2012      Patients needing active resuscitation; symptoms associated with trauma                               230                   204                           41 (20)                             Median (IQR): 76 (15)       46
  Öhman et al,^[@zoi190045r18]^ 2017              The Netherlands       July 2014 to January 2015        Age \<18 y; history of pulmonary fibrosis; mitral stenosis or a prosthetic mitral position on echo   100                   100                           52 (52)                             Mean (SD): 71 (15)          Not specified
  Pivetta et al,^[@zoi190045r26]^ 2015            Italy                 October 2010 to September 2012   Traumatic injury; patients invasively ventilated at the time of evaluation                           1008                  1005                          463 (46)                            Median (IQR): 77 (13)       46
  Sartini et al,^[@zoi190045r17]^ 2017            Italy                 January 2011 and February 2013   Age \<18 y; symptoms associated with trauma                                                          255                   236                           114 (48)                            Mean (SD): 80 (12)          54
  **Setting: Internal Medicine Inpatient Ward**                                                                                                                                                                                                                                                                                   
  Perrone et al,^[@zoi190045r27]^ 2017            Italy                 December 2014 to June 2016       History of pulmonary cancer; history of fibrothorax or congenital lung diseases                      150                   130                           80 (62)                             Mean (SD): 81 (9)           54
  Vitturi et al,^[@zoi190045r19]^ 2011            Italy                 November 2007 to March 2008      Lung cancer; fibrothorax; congenital pulmonary diseases; major thoracic surgery                      152                   152                           68 (45)                             Not specified               Not specified

Abbreviations: ADHF, acute decompensated heart failure; IQR, interquartile range.

###### Index Test and Reference Characteristics

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Source                                          Ultrasonography Machine and Transducer                                               No. and Qualifications of Sonographer                                             Length of LUS Clip, s   No. of Lung Zones Scanned per Hemi-Thorax   Interrater Reliability κ (95% CI)                                                                                           Threshold for a Positive LUS                                       LUS Interpreter[^a^](#zoi190045t2n1){ref-type="table-fn"}   CXR Technique                                     CXR Interpreter                     LUS/CXR Time Interval, h                                                                         Description of Reference Diagnosis Method
  ----------------------------------------------- ------------------------------------------------------------------------------------ --------------------------------------------------------------------------------- ----------------------- ------------------------------------------- --------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------ ----------------------------------------------------------- ------------------------------------------------- ----------------------------------- ------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Setting: Emergency Department**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

  Baker et al,^[@zoi190045r25]^ 2013              GE Logic-e portable ultrasonography (GE), with a 2-5 MHz curvilinear transducer      1 experienced, 11 novices                                                         3                       4                                           0.82 (0.72-0.92)[^b^](#zoi190045t2n2){ref-type="table-fn"} and 0.70 (0.45-0.95)[^c^](#zoi190045t2n3){ref-type="table-fn"}   Positive if ≥3 B-lines were demonstrated in ≥2 areas bilaterally   Blinded LUS expert (read offline)                           Postero-anterior for most patients                Radiologist (blinding incomplete)   \<1, or within 2, providing that no active fluid management occurred in the intervening period   Medical record audit by a specialist cardiologist blinded to LUS results

  Öhman et al,^[@zoi190045r18]^ 2017              Philips CX 50, device (Philips), with phased array transducer                        1 experienced sonographer, with \>1000 examinations                               5-10                    2                                           1 (1.0,1.0)                                                                                                                 Positive if ≥3 B-lines were demonstrated in ≥1 area bilaterally    Blinded sonographer (read at bedside)                       Postero-anterior, sometimes with a lateral view   Radiologist (blinding unclear)      Immediately, not specified otherwise                                                             If the following 2 criteria were fulfilled: "presence of heart disease on conventional echo and either a BNP of more than 400 ng/l or a BNP of more than 100 ng/l in combination with congestion on chest radiography"

  Pivetta et al,^[@zoi190045r26]^ 2015            Curvilinear transducer (5-3 MHz)                                                     Multiple emergency department physicians; qualifications are not clear            5                       3                                           0.94 (0.89-0.98)                                                                                                            Positive if ≥2 B-lines were demonstrated in ≥2 areas bilaterally   Blinded LUS expert (read offline)                           Typically postero-anterior                        Radiologist (blinding unclear)      1.5                                                                                              Medical record audit by an emergency physician and a cardiologist blinded to LUS results

  Sartini et al,^[@zoi190045r17]^ 2017            Esaote MyLab30TM and MyLab70TM (Esaote), with convex array transducer (3.5--5 MHz)   Multiple emergency physicians with at least 50 previous supervised examinations   NA (still image)        6                                           Not reported                                                                                                                Positive if ≥2 B-lines were demonstrated in ≥2 areas bilaterally   Blinded sonographer (read at bedside)                       Postero-anterior                                  Radiologist (blinding unclear)      2                                                                                                Medical record audit, on discharge, by 2 cardiologist and 1 emergency physician

  **Setting: Internal Medicine Inpatient Ward**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

  Perrone et al,^[@zoi190045r27]^ 2017            Esaote MyLab 5 sonograph (Esaote), with convex 3.5 MHz transducer                    1 skilled operator                                                                5                       4                                           Not reported                                                                                                                Positive if ≥2 B-lines were demonstrated in ≥2 areas bilaterally   Blinded sonographer (read at bedside)                       Postero-anterior                                  Radiologist (blinding unclear)      Median (IQR): 12 (5 - 18)                                                                        Medical record audit by an independent experienced reviewer

  Vitturiet al,^[@zoi190045r19]^ 2011             Toshiba Aplio\                                                                       2 internists trained and experienced in United States                             10                      3                                           Not reported                                                                                                                Positive when the number of B- lines was greater than 8            Blinded sonographer (read at bedside)                       Postero-anterior                                  Radiologist (blinding unclear)      2-6                                                                                              Medical record audit by medical experts in accordance with AHA guidelines
                                                  XV (Toshiba), with 3.5 MHz convex transducer                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: AHA, American Heart Association; BNP, brain-type natriuretic peptide; CXR, chest radiography; IQR, interquartile range; LUS, lung ultrasonography; NA, not applicable.

All LUSs were interpreted either offline by an LUS expert blinded to all clinical data or bedside by a sonographer blinded to all clinical information except that which could not be blinded (ie, the physical appearance of the patient).

Estimate for interrater reliability between LUS experts.

Estimate for interrater reliability between LUS experts and novices.

Assessment of Risk of Bias and Applicability {#H2-3-ZOI190045}
--------------------------------------------

A customized QUADAS-2 tool^[@zoi190045r28]^ was applied to assess the risk of bias and applicability to the research question. Two of us (A.M.M. and A.H.) applied the tool independently to all studies. Disagreements between us were resolved by discussion. Interrater agreement of QUADAS-2 ratings were assessed using Cohen κ statistic and Gwet AC1.^[@zoi190045r29],[@zoi190045r30]^

Based on the QUADAS-2 tool, each article was evaluated for risk of bias in 4 domains. High risk of bias in each domain was defined as follows: (1) patient selection, the study enrollment was not consecutive or the study excluded patients that could introduce spectrum bias, which is the phenomenon that the performance of a diagnostic test will vary with the spectrum of severity of disease present in the cohort; (2) index test, the LUS or CXR results were interpreted without blinding to the reference standard or the other index test; (3) reference standard, the reference standard for ADHF diagnosis was interpreted without blinding to the results of the index tests (LUS or CXR); and (4) flow and timing, the interval between LUS and CXR exceeded 2 hours. eFigure 1 in the [Supplement](#note-ZOI190045-1-s){ref-type="supplementary-material"} provides the QUADAS-2 tool used in this systematic review.

With regard to assessment of applicability, each article was evaluated for low and high concern for applicability to the research question. Using the patient selection, index test, and reference standard domains, we defined low applicability concern as follows: (1) patient selection, the patient presented to the health care setting with acute dyspnea; (2) index test, the CXR was performed according to the hospital's standard procedure; (3) index test, the LUS was acquired according to the international evidence-based recommendations for point-of-care LUS (Volpicelli criteria: 2 lung fields with 3 or more B-lines present bilaterally^[@zoi190045r31]^) or a modification of it; and (4) reference standard, the diagnosis was based on medical record audit by 1 or more attending physicians or by structural heart disease on echocardiography and on BNP greater than 100 ng/l (to convert to picogram/milliliter, multiply by 1.0) or N-terminal pro-BNP greater than 900 pg/mL.

Data Analysis {#H2-4-ZOI190045}
-------------

The a priori intention was to attempt a meta-analysis using the hierarchical summary receiver operating characteristic (HSROC) curve model.^[@zoi190045r32],[@zoi190045r33]^ The HSROC model is a statistically rigorous approach for the meta-analysis of diagnostic test accuracy studies.^[@zoi190045r34]^ It assumes that an underlying receiver operating characteristic curve exists within each study.^[@zoi190045r35]^ Pooled sensitivity and specificity were calculated from the parameter estimates of the HSROC model, as were positive and negative likelihood ratios. Positive and negative predictive values were calculated from pooled estimates of sensitivity and specificity as well as from pooled prevalence of the included studies. Using test type (LUS vs CXR) as a covariate, we performed an overall likelihood ratio test to evaluate the overall differences in sensitivity and specificity between index tests. Individual tests were also performed for differences in sensitivity and specificity between index tests. Statistical tests were performed as 2-sided tests with a *P =* .05 level of significance. The χ^2^ and Wald tests were used to determine *P* values. Meta-analysis was performed using the SAS metadas macro, version 9.4 (SAS Institute Inc).

Individual study results for sensitivity and specificity were plotted on a forest plot to visually assess and explore study variability. With regard to the explanation for the variability seen between studies, we identified a priori 2 possible sources of variability: (1) spectrum of disease, which is the range of ADHF disease severity as measured by the need for positive pressure ventilation, intensive care unit admission, or outpatient care, and (2) threshold effect, which is the criteria used to define a positive test result. We assessed for threshold effect using a visual inspection of summary receiver operating characteristic (SROC) curves and Spearman rank correlation for sensitivity and 1-specificity.^[@zoi190045r36]^ Distribution of the study results closely along the estimated SROC curve suggests that differences in the threshold for a positive result among studies explain some of the variability observed. Publication bias was not assessed as no accepted method exists for its evaluation in a meta-analysis of diagnostic test accuracy studies.^[@zoi190045r32]^

Results {#H1-3-ZOI190045}
=======

Search {#H2-5-ZOI190045}
------

[Figure 1](#zoi190045f1){ref-type="fig"} is a study flow diagram detailing search results and study inclusion. The search identified 1377 nonduplicate titles that underwent screening, of which 43 articles (3.1%) underwent full-text review. After application of the exclusion criteria, we identified 6 studies eligible for data extraction, representing a total of 1827 patients.^[@zoi190045r17],[@zoi190045r18],[@zoi190045r19],[@zoi190045r25],[@zoi190045r26],[@zoi190045r27]^ [Figure 1](#zoi190045f1){ref-type="fig"} provides reasons for exclusion and the number of studies excluded under each reason.

![Flow Diagram Outlining Search Through Inclusion Process\
CXR indicates chest radiography.](jamanetwopen-2-e190703-g001){#zoi190045f1}

Study Characteristics {#H2-6-ZOI190045}
---------------------

[Table 1](#zoi190045t1){ref-type="table"} summarizes the basic characteristics of the included studies. Four studies (67%) were conducted in emergency department cohorts and 2 studies (33%) in internal medicine ward patients who initially presented to the emergency department with dyspnea. [Table 2](#zoi190045t2){ref-type="table"} summarizes relevant index test and reference standard characteristics for included studies.

The number of LUS operators per study ranged from 1 to at least 12 (some studies reported multiple sonographers but did not specify the exact number), with each patient assessed by a single sonographer in 5 (83%) of 6 studies. In Vitturi et al,^[@zoi190045r19]^ the exception study, LUS was performed twice by 2 different sonographers on each patient to assess interoperator variability. Three studies (50%) reported the LUS interrater agreement as κ, which ranged from 0.70 to 1.00. In 4 studies (67%), the sonographers acquiring the images were blinded to all clinical information except that which was seen at the bedside (ie, physical appearance of the patient) and interpreted the ultrasonography images. In 2 studies (33%), an LUS expert blinded to all clinical information interpreted previously recorded images. The length of the LUS image clip ranged from a still image to 10 seconds, and the number of lung zones examined per patient ranged from 4 to 12. All studies used the Volpicelli criteria^[@zoi190045r31]^ as the threshold for positive LUS or a modification of it.

Chest radiographs were typically obtained using postero-anterior view and interpreted by a radiologist in all studies. Blinding of the radiologist to clinical information was unclear in all included studies. The interval time between LUS and CXR ranged from fewer than 1 to 12 hours.

Five (83%) of 6 studies used expert medical record review as the reference standard. The remaining study, Öhman et al,^[@zoi190045r18]^ used echocardiography, BNP, and CXR criteria as the reference standard. [Figure 2](#zoi190045f2){ref-type="fig"} summarizes the estimate of sensitivity and specificity obtained from each study.^[@zoi190045r17],[@zoi190045r18],[@zoi190045r19],[@zoi190045r25],[@zoi190045r26],[@zoi190045r27]^ Vitturi et al^[@zoi190045r19]^ did not offer a global estimate of CXR sensitivity and specificity but instead described test characteristics of particular CXR findings. In this case, we used the highest estimates for sensitivity and specificity of CXR that were reported in the study. The study authors reported no conflicts of interests.

![Forest Plots for Lung Ultrasonography and Chest Radiography\
CXR indicates chest radiography; LUS, lung ultrasonography.](jamanetwopen-2-e190703-g002){#zoi190045f2}

Primary Outcome {#H2-7-ZOI190045}
---------------

For LUS, estimates of sensitivity ranged from 58% to 97% and specificity ranged from 69% to 94% among included studies. For CXR, estimates ranged from 70% to 90% for sensitivity and 61% to 98% for specificity ([Figure 2](#zoi190045f2){ref-type="fig"}).

Pooled estimates for LUS, calculated from the parameter estimates of the HSROC model, were 0.88 (95% Cl, 0.75-0.95) for sensitivity and 0.90 (95% Cl, 0.88-0.92) for specificity. In contrast, for CXR the pooled estimate for sensitivity was 0.73 (95% Cl, 0.70-0.76) and for specificity was 0.90 (95% Cl, 0.75-0.97).

The overall and the individual tests performed on the HSROC model found the relative sensitivity ratio of LUS, compared with CXR, to be 1.2 (95% CI, 1.08-1.34; *P* \< .001) but found no difference in specificity between tests (relative specificity ratio, 1.0; 95% CI, 0.90-1.11; *P* = .96). [Table 3](#zoi190045t3){ref-type="table"} shows additional test characteristics for CXR and LUS calculated from the HSROC model and from pooled ADHF prevalence in all included studies.

###### Test Characteristics of Lung Ultrasonography and Chest Radiography[^a^](#zoi190045t3n1){ref-type="table-fn"}

  Index Test   Positive Likelihood Ratio (95% CI)   Negative Likelihood Ratio (95% CI)   PPV (95% CI)[^b^](#zoi190045t3n2){ref-type="table-fn"}   NPV (95% CI)[^b^](#zoi190045t3n2){ref-type="table-fn"}   Sensitivity (95% CI)[^c^](#zoi190045t3n3){ref-type="table-fn"}   Specificity (95% CI)[^c^](#zoi190045t3n3){ref-type="table-fn"}
  ------------ ------------------------------------ ------------------------------------ -------------------------------------------------------- -------------------------------------------------------- ---------------------------------------------------------------- ----------------------------------------------------------------
  CXR          7.36 (2.70-20.07)                    0.30 (0.26-0.35)                     0.86 (0.69-0.95)                                         0.80 (0.75-0.83)                                         0.73 (0.70-0.76)                                                 0.90 (0.75-0.97)
  LUS          8.63 (6.93-10.74)                    0.14 (0.06-0.29)                     0.88 (0.83-0.90)                                         0.90 (0.81-0.95)                                         0.88 (0.75-0.95)                                                 0.90 (0.88-0.92)

Abbreviations: LUS, lung ultrasonography; CXR, chest radiography; NPV, negative predictive value; PPV, positive predictive value.

All estimates calculated using the hierarchical summary receiver operating characteristic model.

Taking into account the minimum (20%) and maximum (62%) prevalence across studies for LUS, the PPV ranged from 0.68 to 0.93 and the NPV ranged from 0.82 to 0.97. For CXR, the PPV ranged from 0.65 to 0.92 and the NPV ranged from 0.68 to 0.93.

Sensitivity analysis was performed using the highest sensitivity and corresponding specificity and again for the highest specificity and corresponding sensitivity for CXR parameters in Vitturi et al.^[@zoi190045r19]^ The results did not differ from the main analysis in that relative sensitivity and the log ratio test remained statistically significant.

Assessment of Risk of Bias and Applicability {#H2-8-ZOI190045}
--------------------------------------------

The results of the risk of bias and applicability concern assessment of individual studies using the QUADAS-2 tool are shown in eTable 2 in the [Supplement](#note-ZOI190045-1-s){ref-type="supplementary-material"}. Cohen κ was 0.36 (95% CI, 0.08-0.64) and Gwet AC1 was 0.61 (95% CI, 0.40-0.83), indicating fair to substantial interrater agreement beyond that of chance of QUADAS-2 assessments.^[@zoi190045r29]^ These results are within the range of findings in other studies that used QUADAS-2 as the quality assessment tool.^[@zoi190045r28]^ With regard to the patient selection domain, enrollment in 3 of the 6 trials (50%) was not consecutive but rather a convenience sample based on the availability of an LUS sonographer. Although it is possible that convenience sampling introduced an element of spectrum bias (ie, sicker patients may present at night rather than the day), it is unlikely to have greatly affected the relative performance of LUS to CXR. Given that all CXRs were interpreted by a radiologist, available expertise in CXR interpretation was unlikely to have contributed to a relative difference in accuracy between imaging modalities for the included studies with convenience samples.

The reference standard domain was found to be at high risk of bias across all studies. Study adjudicators for 5 of the 6 included studies (83%) had access to CXR results during medical record audit, suggesting review bias. The 1 remaining study, Öhman et al,^[@zoi190045r18]^ had CXR incorporated into the reference standard criteria, demonstrating incorporation bias. Thus, reference standard results were at high risk of bias, likely leading to overestimates in CXR accuracy across all studies.

Both Perrone et al^[@zoi190045r27]^ and Vitturi et al^[@zoi190045r19]^ were found to be at high risk of bias in the flow and timing domain, with CXR performed several hours before LUS. Given that symptomatic patients may have received diuretics in the interval between index tests, we expected this intervention to underestimate LUS sensitivity compared with CXR.

With regard to the applicability assessment, only 1 study met the criteria for high concern. Sartini et al^[@zoi190045r17]^ included patients who did not match the review question for the patient selection domain, as 50 study participants (37%) were treated for ADHF prior to undergoing CXR and LUS. Therefore, the imaging study was not used in the initial decision to diagnose or treat ADHF. No other concerns were found regarding applicability to the research question in any other domain.

Although not part of the QUADAS- 2 assessment, unclear or incomplete blinding of LUS and CXR interpreters to clinical data occurred. In 4 of the 6 included studies (67%), LUS was interpreted by the sonographer who obtained the images; although the sonographers were blinded to all other clinical information, they may have seen information at the bedside that could have affected their interpretation. Similarly, to what extent the radiologists were blinded to clinical data was unclear in all but 2 studies: Baker et al^[@zoi190045r25]^ reported that radiologists routinely reviewed previous chest imaging, and Öhman et al^[@zoi190045r18]^ reported blinding of radiologists to laboratory data and final diagnosis only.

Assessment of Variability {#H2-9-ZOI190045}
-------------------------

Visual inspection of the forest plot for LUS sensitivity revealed 2 potential outliers, Baker et al^[@zoi190045r25]^ and Sartini et al,^[@zoi190045r17]^ both of which reported LUS sensitivities lower than almost all of the other studies on this topic. Visual inspection of the SROC curves (eFigure 2 in the [Supplement](#note-ZOI190045-1-s){ref-type="supplementary-material"}) demonstrated that the distribution of accuracy estimates found in each study followed the best-fit SROC curve, supporting the idea that differences in the threshold used to define a positive result between studies explain some of the variability observed between LUS results. Spearman rank correlation coefficient (ρ = 0.6) provided further evidence of the threshold effect contributing to the variability seen between studies for LUS but not for CXR. We were unable to evaluate variability based on spectrum of disease as no studies of outpatient or intensive care unit cohorts met the inclusion criteria.

A possible outlier for CXR sensitivity was the high estimate in Öhman et al,^[@zoi190045r18]^ which may be associated with incorporation bias: CXR was part of the reference standard criteria in that study.

A possible outlier for CXR specificity was the low estimate in Perrone et al,^[@zoi190045r27]^ which may be explained by 10% of patients having both pulmonary and cardiac processes associated with their abnormal imaging findings. Consistent with this premise, the LUS specificity estimate was lower in Perrone et al,^[@zoi190045r27]^ compared with other included studies.

Discussion {#H1-4-ZOI190045}
==========

Among adults presenting to a hospital setting for acute dyspnea, a 15% absolute difference in sensitivity was found between LUS and CXR (0.88 vs 0.73), favoring LUS, but no statistically significant difference in specificity was found for the detection of pulmonary edema from ADHF. Specifically, for every 100 patients presenting with dyspnea owing to cardiogenic pulmonary edema, LUS can diagnose 15 more cases than CXR without an increase in the number of false-positives. In addition, we identified threshold effect to be a likely contributor to the variability seen in LUS accuracy results. The estimates for sensitivity and specificity are in agreement with other systematic reviews that evaluated the accuracy of LUS in the diagnosis of cardiogenic pulmonary edema.^[@zoi190045r37],[@zoi190045r38],[@zoi190045r39]^ To our knowledge, this is the first study that compared LUS accuracy with that of CXR by including only studies that performed both tests in all study participants, thereby minimizing the risk of bias and confounding owing to the differences in reference standards and study design. We chose this methodologic approach to prioritize internal validity over statistical power, knowing that it would result in fewer included studies. In spite of this tradeoff, the analysis of these data demonstrates that LUS, compared with CXR, has better sensitivity in the detection of pulmonary edema from ADHF and has comparable specificity.

The high variability present between LUS sensitivity results appears to be driven by the lower estimates of LUS sensitivity found in Sartini et al^[@zoi190045r17]^ and Baker et al.^[@zoi190045r25]^ In these studies, LUS was acquired using a still image or a 3-second video clip. It has been shown that shorter clips can underestimate the number of B-lines seen.^[@zoi190045r40],[@zoi190045r41]^ The short clip length used in both Sartini et al^[@zoi190045r17]^ and Baker et al^[@zoi190045r25]^ studies may explain their lower estimates of LUS sensitivity. In addition, in Sartini et al,^[@zoi190045r17]^ 50 patients (37%) received diuretic therapy prior to presentation to the emergency department. In a subgroup analysis that excluded these patients, LUS sensitivity was found to be 83% and specificity was found to be 86%, whereas CXR was found to be 64% sensitive and 94% specific. Signs of pulmonary edema seen on CXR are known to lag in resolution.^[@zoi190045r42]^ In contrast, LUS findings may be more responsive to dynamic changes in volume status.^[@zoi190045r43],[@zoi190045r44],[@zoi190045r45]^ Therefore, the low sensitivity of LUS in the main analysis may have been associated with the resolution of LUS abnormalities from diuretics administered prior to LUS testing. The test characteristics in the post hoc subgroup analysis that excluded those with prehospital diuretics are more consistent with the available evidence on the accuracy of LUS^[@zoi190045r37],[@zoi190045r38],[@zoi190045r39]^

In addition to improved accuracy, LUS may offer other benefits compared with CXR, including avoidance of ionizing radiation and immediate availability of results. Lung ultrasonography has also be shown to be easy for clinicians to learn, perform, and interpret.^[@zoi190045r37],[@zoi190045r46],[@zoi190045r47],[@zoi190045r48],[@zoi190045r49]^ As presented in the clinical practice guidelines, the role of CXR in the evaluation of ADHF is, in part, to assess other causes of dyspnea. Because LUS has been shown to offer comparable or superior accuracy over many of the other most common causes of dyspnea,^[@zoi190045r10],[@zoi190045r11],[@zoi190045r12],[@zoi190045r50]^ it has the potential to become an initial imaging modality in the evaluation of patients with dyspnea. Future prospective studies are needed to determine if the use of LUS in the initial evaluation of adults presenting with dyspnea improves diagnosis, treatment, and outcomes of patients with ADHF.

Limitations {#H2-10-ZOI190045}
-----------

The main limitation of this systematic review with meta-analysis is the small number of included studies. Including only studies that evaluated the accuracy of both LUS and CXR to minimize bias contributed to the small number of included studies. This limited inclusion, in turn, decreased the precision of our estimates as well as our ability to formally evaluate for possible causes of variability, including clinical setting, using subgroup analysis, and meta-regression. However, on visual inspection of all forest plots ([Figure 2](#zoi190045f2){ref-type="fig"}), no clear evidence of a difference in test characteristic estimates was found between emergency department and inpatient cohorts for either imaging modality.

Another important limitation is the risk of bias introduced by the lack of blinding of outcome adjudicators to CXR in 5 of the studies and by the incorporation of CXR as part of the reference standard in the remaining study. Thus, the direction of bias across all included studies likely favors CXR. In addition, these results are generalizable only to patients presenting to the hospital with acute dyspnea. The study is representative of a large proportion of the studies investigating LUS accuracy for cardiogenic pulmonary edema.^[@zoi190045r37]^

Conclusions {#H1-5-ZOI190045}
===========

The findings suggest that LUS is as specific and more sensitive than CXR in the identification of cardiogenic pulmonary edema. Given the potential advantages of its use, LUS should be considered as an adjunct imaging modality in the evaluation of patients with dyspnea at risk of ADHF.
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